In order to determine the origin of image contrast in piezoresponse force microscopy (PFM), analytical descriptions of the complex interactions between a small tip and ferroelectric surface are derived for several sets of limiting conditions. Image charge calculations are used to determine potential and field distributions at the tip-surface junction between a spherical tip and an anisotropic dielectric half plane. Methods of Hertzian mechanics are used to calculate the response amplitude in the electrostatic regime. In the electromechanical regime, the limits of strong (classical) and weak (field-induced) indentation are established and the relative contributions of electroelastic constants are determined. These results are used to construct ''piezoresponse contrast mechanism maps'' that correlate the imaging conditions with the PFM contrast mechanisms. Conditions for quantitative PFM imaging are set forth. Variable-temperature PFM imaging of domain structures in BaTiO 3 and the temperature dependence of the piezoresponse are compared with GinzburgDevonshire theory. An approach to the simultaneous acquisition of piezoresponse and surface potential images is proposed. In order to determine the origin of image contrast in piezoresponse force microscopy ͑PFM͒, analytical descriptions of the complex interactions between a small tip and ferroelectric surface are derived for several sets of limiting conditions. Image charge calculations are used to determine potential and field distributions at the tip-surface junction between a spherical tip and an anisotropic dielectric half plane. Methods of Hertzian mechanics are used to calculate the response amplitude in the electrostatic regime. In the electromechanical regime, the limits of strong ͑classical͒ and weak ͑field-induced͒ indentation are established and the relative contributions of electroelastic constants are determined. These results are used to construct ''piezoresponse contrast mechanism maps'' that correlate the imaging conditions with the PFM contrast mechanisms. Conditions for quantitative PFM imaging are set forth. Variable-temperature PFM imaging of domain structures in BaTiO 3 and the temperature dependence of the piezoresponse are compared with Ginzburg-Devonshire theory. An approach to the simultaneous acquisition of piezoresponse and surface potential images is proposed.
I. INTRODUCTION
In recent years, scanning probe microscopy ͑SPM͒ based techniques have been successfully employed in the characterization of ferroelectric surfaces on the micron and nanometer levels. 1 The primary SPM techniques used are variants of noncontact electrostatic SPM such as electrostatic force microscopy ͑EFM͒, scanning surface potential microscopy ͑SSPM͒, 2, 3 and contact techniques such as piezoresponse force microscopy ͑PFM͒. 4 -7 Both SSPM and PFM are based on voltage modulation: i.e., during imaging, the actuator driving the cantilever is disengaged and an ac bias is applied directly to a conductive tip. In PFM the tip is in contact with the surface and the electromechanical response of the surface is detected as the first-harmonic component of the biasinduced tip deflection. In SSPM the tip is held at a fixed distance above the surface ͑typically 10-100 nm͒ and the first harmonic of the electrostatic force between the tip and surface is nullified by adjusting the constant bias on the tip. An open loop version of SSPM, in which the feedback is disengaged and the oscillation amplitude in the noncontact regime is collected as the image, has also been reported. 8 In many cases, the morphological information on domain structure and orientation obtained from SPM images is sufficient, and numerous observations of local domain dynamics as related to polarization switching processes, [9] [10] [11] ferroelectric fatigue, [12] [13] [14] [15] phase transitions, 16 -19 mechanical stresses, 20 etc., have been made. However, analysis of local ferroelectric properties including hysteresis measurements, 21 stress effects in thin films, 22 size dependence of ferroelectric properties, 23, 24 etc., requires quantitative interpretation of the SPM interaction. A detailed analysis of EFM and SSPM imaging on ferroelectric surfaces is given by Kalinin and Bonnell. 25 Contrast formation mechanism in PFM is less understood. 26 -30 Luo et al. 17 have found that the temperature dependence of piezoresponse contrast is similar to that of spontaneous polarization. This behavior was attributed to the dominance of electrostatic interactions due to the presence of a polarization bound charge, 31 since the electromechanical response based on the piezoelectric coefficient d 33 would diverge in the vicinity of the Curie temperature. The presence of the electrostatic forces hypothesis is also supported by observations of nonpiezoelectric surfaces. 32 In contrast, the existence of a lateral PFM signal [33] [34] [35] and the absence of relaxation behavior in PFM contrast as opposed to SSPM contrast, 36, 25 as well as numerous observations using both EFM-SSPM and PFM, 37, 38 clearly point to a significant electromechanical contribution to PFM contrast. In order to resolve the controversy regarding the origins of PFM contrast, we analyze the contrast formation mechanism and relative magnitudes of electrostatic versus electromechanical contributions to PFM interactions for the model case of c ϩ , c Ϫ domains in tetragonal perovskite ferroelectrics. It is shown that both electrostatic and electromechanical interactions can contribute to the PFM image. The relative contributions of these interactions depend on the experimental conditions. Contrast mechanism maps were constructed to delineate the regions with dominant electrostatic and electromechanical interactions. Under some conditions, i.e., those corresponding to a relatively large indentation force and tip radius, the real piezoelectric coefficient can be determined. This analysis reconciles existing discrepancies in the interpretation of PFM imaging contrast.
II. PRINCIPLES OF PFM
Piezoresponse force microscopy is based on the detection of bias-induced surface deformation. The tip is brought into contact with the surface, and the piezoelectric response of the surface is detected as the first-harmonic component of biasinduced tip deflection dϭd 0 ϩA cos(tϩ). The phase yields information on the polarization direction below the tip. For c Ϫ domains ͑polarization vector pointing downward͒ the application of a positive tip bias results in the expansion of the sample and surface oscillations are in phase with the tip voltage, ϭ0. For c ϩ domains, ϭ180°. The amplitude A defines the local electromechanical response and depends on the geometry of the tip-surface system and material properties. An additional contribution to PFM contrast originates from long-range electrostatic tip-surface interactions. 39 This electrostatic interaction is comprised of a local contribution due to the tip apex and a nonlocal contribution due to the cantilever. 40 Distinguishing electrostatic forces in a PFM experiment is problematic; however, it can be achieved in SSPM. In SSPM, application of an ac bias to the tip located at 10-100 nm from the surface results in a strong capacitive interaction. The cantilever deflection is then proportional to the first harmonic of the force. The amplitude and relative phase of cantilever oscillations in the noncontact mode can be well approximated by simple harmonic-oscillator models. 41 One of the difficulties in a comparison of the relative magnitudes of electromechanical and electrostatic responses is the difference in the contrast transfer mechanism. In the electromechanical case the surface displacement is determined as a function of applied voltage. In the electrostatic case the force containing both local and nonlocal components is defined. Analysis of contrast formation in PFM clearly requires reliable estimates of surface displacement under tip bias for both cases. Given this, frequencydependent surface-tip contrast transfer could be constructed.
Analysis of the image formation mechanism requires the solution of several independent problems. The electrostatic tip-surface interaction and the magnitude of electrostatic contrast are analyzed in Sec. III. The mechanism of electromechanical contrast and weak-and strong-indentation limits are formulated in Sec. IV. PFM contrast mechanism maps and the temperature dependence of PFM contrast on a BaTiO 3 surface are analyzed in Sec. V.
III. ELECTROSTATIC REGIME
In the electrostatic regime of piezoresponse imaging the capacitive and Coulombic tip-surface interactions result in an attractive force between the tip and surface which cause an indentation. In some cases, these interactions have been approximated by a plane-plane capacitor. Obviously, this is inapplicable in contact because a capacitive force in planar geometry does not cause a tip deflection. A correct description of the electrostatic tip-surface interaction must take into account the tip shape.
A. Potential distribution in the tip-surface junction
The potential distribution in the tip-surface junction in noncontact imaging is often analyzed in the metallization limit for the surface. 42 In this limit, the tip-surface capacitance C d (z,), where z is the tip-surface separation and is the dielectric constant for the sample, is approximated as C d (z,)ϷC c (z), where C c (z) is the tip-surface capacitance for a conductive tip and conductive surface. This approximation breaks down for small tip-surface separations when the effect of field penetration in the dielectric sample is nonnegligible. For ferroelectric surfaces the effective dielectric constant is high, Ϸ100-1000, favoring the metallization limit. However, in contact tip-surface separation zϷ0 leads to a divergence in the capacitance C c (z) and the corresponding force. To avoid this difficulty and, more importantly, take into account the anisotropy of the ferroelectric medium, we calculate the tip-surface force using the image charge method for spherical tip geometry. This approach is applicable when the tip-surface separation is small, zӶR, where R is radius of curvature of the tip.
The potential in air produced by charge Q at a distance d above a conductive or dielectric plane located at zϭ0 can be represented as a superposition of potentials produced by the original charge and the corresponding image charge QЈ located at position zϭdЈ below the plane. The potential in a dielectric material is equal to that produced by a different image charge QЉ located at zϭdЉ. 43, 44 Values of QЈ, QЉ, dЈ, and dЉ for metal and isotropic or anisotropic dielectric materials are summarized in Table I . Note that the potential in air above an anisotropic dielectric material is similar to the isotropic case with an effective dielectric constant eff ϭͱ x z , where x and z are the principal values of the dielectric constant tensor. Potential and field distributions inside the dielectric material are more complex 45 and are out of the scope of the present paper.
To address tip-surface interactions and taking the effect of the dielectric medium into account, the image charge distribution in the tip can be represented by charges Q i located at distances r i from the center of the sphere such that
where R is tip radius, d is tip-surface separation, Q 0 ϭ4 0 RV, r 0 ϭ0, and V is the tip bias. The tip-surface capacitance is
from which the force can be found. The rotationally invariant potential distribution in air can be found from Eqs. ͑1a͒ and ͑1b͒. Specifically, the potential on the surface directly below the tip is
. ͑3͒
In the conductive surface limit, ϭϱ and Eq. ͑2͒ is simplified to 46 TABLE I. Image charges for conductive, dielectric, and anisotropic dielectric planes.
Conductive Isotropic dielectric Anisotropic dielectric
where ␤ 0 ϭarccosh͓(Rϩd)/R͔. For the conductive tipdielectric surface,
While in the limit of small tip-surface separation C c diverges logarithmically, C d converges to the universal ''dielectric'' limit
The distance dependence of the tip-surface capacitance and surface potential directly below the tip are shown in Figs. 1͑a͒ and 1͑b͒. For relatively large tip-surface separations, C d (z,)ϷC c (z), which is the usual assumption in noncontact SPM imaging. The most prominent feature of this solution is that, while for low-dielectric materials the tipsurface capacitance achieves the dielectric limit in contact and hence surface potential is equal to the tip potential, this is not the case for high-materials. The tip-surface capacitance, capacitive force, and electric field can be significantly smaller than in the dielectric limit. The surface potential below the tip is smaller than the tip potential and is inversely proportional to dielectric constant ͓Fig. 1͑b͔͒. This is equivalent to the presence of an apparent dielectric gap between the tip and surface that attenuates the potential, which is often the explanation for experimental observations.
B. Tip-surface interaction in the electrostatic regime
From Eqs. ͑2͒, ͑4͒, and ͑5͒, the magnitudes of capacitive and Coulombic forces between the cantilever-tip assembly and the surface can be estimated. The capacitive force is
where V tip is the tip potential, V loc is the domain-related local potential directly below the tip, V s is the surface potential averaged over the distance comparable to the cantilever length, C loc Ј is the local part of tip-surface capacitance gradient, and C nl Ј is the nonlocal part due to the cantilever. Typically, the cantilever length is significantly larger than the characteristic size of ferroelectric domains; therefore, the nonlocal part results in a constant background on the image that does not preclude qualitative domain imaging. The nonlocal capacitance gradient can be estimated using plane-
Ϫ2 , where S is the effective cantilever area and L is the tip length. For a typical tip with LϷ10 m and SϷ2ϫ10 3 m 2 , the nonlocal contribu-
Ϫ10 F/m and is independent of the tip radius. The force for a tip-surface potential difference of 1 V is F nl Ϸ0.9ϫ10 Ϫ10 N. ͑The nonlocal contribution rigorously should also contain a term describing an effect of the conical part of the tip. 25 ͒ The local capacitive contribution due to the tip apex is F loc ϭ1.4ϫ10
Ϫ8 N for zϭ0.1 nm, R ϭ50 nm, i.e., two orders of magnitude larger. However, C loc Ј scales linearly with tip radius and, therefore, for the sharp tips capable of high-resolution nonlocal contributions to the signal increase. Similar behavior is found for noncontact SPMs. 48 The Coulombic tip-surface interaction due to the polarization charge can be estimated using the expression for the electric field above a partially screened ferroelectric sur-
, where ␣ is the degree of screening and P is spontaneous polarization ͑P ϭ0.26 C/m 2 for BaTiO 3 ͒. For unscreened surfaces, ␣ϭ0, so this Coulombic contribution in the limit F Coul ӶF cap is F Coul ϭC loc (V tip ϪV loc )E u and for the same tip parameters as above F Coul ϭ2.2ϫ10 Ϫ9 N. However, polarization charge is almost completely screened in air, typically 1Ϫ␣Ӷ10 Ϫ3 , and under these conditions the Coulombic contribution can be excluded from the electrostatic tip-surface interaction.
Capacitive force results in an indentation of the surface. In the Hertzian approximation the relationship between the indentation depth h, tip radius of curvature R, and load P is
where E* is the effective Young's modulus of the tip-surface system defined as
E 1 , E 2 and 1 , 2 are Young's moduli and Poisson ratios of tip and surface materials ͑Fig. 2͒. For ferroelectric perovskites Young's modulus is of the order of E*Ϸ100 GPa. The contact radius a is related to the indentation depth as a ϭͱhR. Hertzian contact does not account for adhesion, and capillary forces in a tip-surface junction and a number of more complex models for nanoindentation processes are known. 50 Under typical PFM operating conditions the total force acting on the tip is FϭF 0 ϩF el , where F 0 ϭk d 0 is the elastic force exerted by the cantilever of the spring constant k at set point deflection d 0 and F el is the electrostatic force. Since FIG. 1. ͑a͒ Tip-dielectric surface capacitance for ϭ10 ͑dotted line͒, ϭ100 ͑dashed line͒, and ϭ1000 ͑dot-dashed line͒, compared to the metallic limit ͑solid line͒. Vertical lines delineate the region of characteristic tip-surface separations ͑0.1-1 nm͒ in contact mode for tip radius Rϭ50 nm. ͑b͒ Surface potential below the tip for tip-surface separations zϭ0.1 R ͑dot-dashed line͒, zϭ0.01 R ͑dashed line͒, and zϭ0.001 R ͑solid line͒ as a function of the dielectric constant of the surface. the electrostatic force is modulated, V tip ϭV dc ϩV ac cos(t), the first harmonic of tip deflection is
where ϭ(3/4E*)
. In the limit when the indentation force is much larger than electrostatic force, F el ӶF 0 , the effective spring constant of the tip-surface junction is k eff ϭ‫ץ‬P/‫ץ‬h and the first harmonic of the cantilever response is h 1 ϭF 1 /k eff . For a Hertzian indentation the response is
This equation can be also obtained directly from an expansion of the integrand in Eq. ͑10͒. For typical PFM imaging conditions the set point deflection is ϳ100 nm and the spring constant of the cantilever k varies from ϳ0.01 to ϳ100 N/m. Consequently, imaging can be done under a range of loads spanning at least 4 orders of magnitude from 1 nN to 10 N. For F 0 ϭ100 nN, E*ϭ10 11 Pa, and the potential difference between the domains ⌬Vϭ150 mV, the PFM contrast between the domains of opposite polarities is ⌬h 1 ϭ6.02ϫ10 Ϫ12 m/V. It should be noted that the potential difference between ferroelectric domains in the ambient is determined by the properties of the adsorbate layer that screens spontaneous polarization. 51 Under UHV conditions where the intrinsic screening by charge carriers 52 dominates the potential difference would be larger and can achieve the limiting value of ⌬Vϭ3 V comparable to the band gap. In this case, the electrostatic PFM contrast between the domains of opposite polarities can be as large as ⌬h 1 ϭ1.2 ϫ10 Ϫ10 m/V. It is useful to consider the effect of cantilever stiffness on the electrostatic contrast. For soft cantilevers the indentation depth can be extremely small. The electrostatic tip-surface and even cantilever-surface interaction can dominate over the elastic load, especially for the large potential difference between the tip and surface typical during hysteresis measurements or polarization switching. In this case, the linear approximation of Eq. ͑11͒ is no longer valid. In the small signal approximation V ac →0, the response amplitude can still be obtained from Eq. ͑10͒ where the effective load is now F 0 ϭkd 0 ϩC loc Ј (V dc ϪV loc ) 2 , predicting a decrease of response with bias. Interestingly enough, the integral in Eq.
͑10͒ is nullified for zero tip-surface potential difference, V dc ϪV loc ϭ0. Therefore, the imaging mechanism bears a close similarity to that of noncontact open-loop SSPM and feedback can be employed to obtain a nulling potential map on any surface. On piezoelectric surfaces the electromechanical contribution is nonzero and the nulling condition does not correspond to the equilibrium surface potential. For a small indentation force the cantilever dynamics is expected to be significantly more complex; the tip can lose contact with the surface in the upper part of the trajectory, the cantilever vibration can be significant, etc.
The crossover from the linear response, Eq. ͑11͒, to the nonlinear behavior for driving voltages of V ac ϭ2 V is expected for spring constants kϷ1 N/m, defining the generic difference between ''soft'' and ''stiff'' cantilevers.
IV. ELECTROMECHANICAL REGIME
The electrostatic regime considered above can be applied to any dielectric surface; however, for ferroelectric and, more generally, piezoelectric materials, an additional bias-induced effect is a linear electromechanical response of the surface. A rigorous mathematical description of the problem is extremely complex; fortunately, the geometry of the tip-surface junction in PFM is remarkably similar to the piezoelectric indentation problem. [53] [54] [55] [56] [57] In the classical limit, the coupled electromechanical problem is solved for mixed-value boundary conditions: V s ϭV tip in the contact area and the normal component of the electric field E z ϭ0 elsewhere. However, in the typical PFM experiment the contact area is small and deformation occurs even when the tip is not in contact due to the local electric field. In this case, the zero-field approximation outside of the contact area is invalid; instead, the contact area itself can be neglected and the surface deformation can be ascribed solely to field effects. Therefore, we distinguish two limits for the PFM electromechanical regime.
͑i͒ Strong ͑classical͒ indentation: VϭV tip in the contact area, E z ϭ0 elsewhere.
͑ii͒ Weak ͑field-induced͒ indentation: contact area is negligible, E z 0.
In practice, both mechanisms might operate and the dominant contribution depends on the imaging parameters.
A. Strong indentation
A complete description of the strong-indentation limit is given by Giannakopoulos and Suresh, 55 who extended Hertzian contact mechanics to piezoelectric materials. The relationship between the load P, indentor potential V, and indentation depths h is hϭ a
Pϭ␣ a
where ␣ and ␤ are material-dependent constants and a is the contact radius. Solving Eqs. ͑12a͒ and ͑12b͒ for indentation depth as a function of indentor bias relevant for PFM yields a surface deformation as illustrated in Fig. 3͑a͒ . For small modulation amplitudes, the PFM contrast is h 1 ϷhЈ(F,V dc )V ac , where the functional form of h(F,V dc ) is given by Eqs. ͑12a͒ and ͑12b͒. The bias dependence of the piezoresponse coefficient is given by the local slope, k ϭhЈ(F,V dc ), shown in Fig. 3͑b͒ . The applicability of the strong-indentation regime to PFM contrast is limited. A high dielectric constant leads to a significant potential drop between the tip and surface, V s ӶV tip ; therefore, for an infinitely stiff tip and surface, the basic assumption of the strong-indentation limit, V s ϭV tip in the contact area, is not fulfilled. Even for finite contact the potential on the surface below the tip is lower than the tip potential and differs from that assumed in the strong indentation limit. It is useful to consider the effect of contact radius on this assertion. A simple approximation for the surface potential below the tip is V s ϭ␥V tip in the contact area, where ␥ is the attenuation factor ͓Figs. 4͑a͒ and 4͑b͔͒. Such behavior is referred to as contact-limited strong indentation ͑CSI͒. Using a spherical approximation for the contact region, the attenuation factor is estimated as ␥ϭ(1 ϩw eff /a d ) Ϫ1 , where w is the thickness of the ''apparent'' dielectric gap (wу0.1 nm), d is the dielectric constant in the gap ( d ϭ1 -100), a is the contact radius, and eff is the effective dielectric constant of the ferroelectric material. For planar geometry ͑i.e., Rӷaӷw͒, eff is close to z for a ferroelectric material. For the spherical case, eff is close to ͱ x z , imposing an upper and lower limit on eff . For a metallic tip the gap effect is expected to be minimal, while for doped silicon tips w will be comparable to the depletion width of the tip material. Even for thin dielectric layers ͑0.1-1 nm͒ the effective surface potential can be attenuated by as much as a factor of 100 due to a large difference between the dielectric constants of dielectric and ferroelectric materials. For imperfect contact the magnitude of the piezoresponse in the strong-indentation limit can become comparable to that of the electrostatic mechanism. The deviation of the tip shape from spherical ͑e.g., flattening due to wear, etc.͒ reduces the electrostatic response due to a higher contact stiffness and increases the electromechanical response. The resolution in the strong-indentation limit is limited by the indentation radius a.
B. Weak indentation
Weak indentation presents the other limiting case in the PFM experiment when the indentation load and contact area are small. In this limit, the contribution of the contact area to the total electromechanical response of the surface can be neglected ͑Figs. 4͑c͒ and 4͑d͒͒. The potential distribution in the tip-surface junction is calculated in the rigid electrostatic limit as shown in Sec. III A, provided that the dielectric constant of the material is sufficiently high. The electromechanical response of the surface is calculated using the Green's function for point force and charge obtained by Karapetian et where h is the vertical displacement, r is the radial coordinate, f is the point force, q is the point charge, A and L are material-dependent constants, and r is the distance from the indentation point. For a distributed charge, the surface deformation is
where ͑r 0 ͒ϭ 0 E z ͑ r 0 ͒.
The materials properties affect the PFM contrast through the coefficient L, while the geometric properties are described by the ͑material-independent͒ integral. For spherical tip geometry, the electromechanical surface response in the weak-indentation limit can be evaluated using the image charge method developed in Sec. III A. The surface charge density induced by point charge Q at distance l from a conductive or high-dielectric surface is
From Eq. ͑14͒, the charge-induced piezoelectric deformation of the surface is hϭQL/l. Using the same image charge series developed in Sec. III A, total tip-induced surface deformation is
Note that this expression is remarkably similar to that of the tip-induced surface potential ͓Eq. ͑3͔͒. Thus the piezoresponse in the weak-indentation limit can be related to the tip-induced surface potential V s as hϭ2 0 L(ϩ1)V s . Specifically, the surface deformation is linear in the surface potential, hϭd eff V s , where the effective piezoresponse constant d eff in the weak-indentation limit is d eff ϭ2 0 L(ͱ x z ϩ1). For Rϭ50 nm, dϭ0.1 nm, and a typical value of L Ϸ2.5ϫ10 Ϫ3 m 2 /C the characteristic piezoresponse amplitude in the weak-indentation limit is hϷ6.54ϫ10 Ϫ12 m/V. The distance and tip radius dependence of the response is hϳ(R/d) 0.5 , in agreement with a previously used point charge approximation. 58 The effective piezoelectric constant d eff for the weak-indentation limit is remarkably similar to k 0 for the strong-indentation limit as shown in Table II . The difference between the limits arises from the disparate ways the dielectric gap is taken into account ͑Fig. 4͒. The weakindentation limit accounts for the effect of the gap directly in the functional form of coefficient L, which incorporates the dielectric properties of the surface ͓Fig. 4͑c͔͒. In the strongindentation limit, the effective dielectric gap must be introduced through the attenuation factor ␥. The resolution in the weak-indentation limit is determined by the tip radius of curvature and effective tip-surface separation and is proportional to ͱRh.
C. Effect of materials properties on the response
A complete analysis of the electromechanical response of the surface in terms of materials properties is difficult. Even in the ideal case of known geometry, both strong-and weakindentation limits lead to complex expressions that include ten electroelastic constants for a transversally isotropic medium. In order to clarify the relative contributions of different electroelastic constants to PFM, responses both in the strong-and weak-indentation limits are calculated for a variety of ferroelectric materials. [59] [60] [61] A sensitivity function of the piezoresponse ͑PR͒ is defined as
where f i j is a selected electroelastic constant and f i j 0 is a reference value for that constant. A positive value of S( f i j ) implies that a higher constant favors the piezoresponse, while a negative value of S( f i j ) suggests that the response decreases with this constant. S( f i j )Ϸ0 indicates that the response is independent of that property. The sensitivity of the piezoresponse for several ferroelectric materials is shown in Fig. 5 . The piezoresponse in the strong-indentation limit is clearly dominated by the d 33 of the material, while other electroelastic constants provide minor contributions ͓Fig. 5͑a͔͒. In the weak-indentation limit both d 33 and 11 strongly influence the response, significant contributions being provided by d 31 and 33 as well ͓Fig. 5͑b͔͒. The response increases with d 33 and decreases with 11 as expected. The response in both limits does not depend on the elastic stiffness c 12 ͓Figs. 5͑a͒ and 5͑b͔͒. Similar diagrams can be constructed for sensitivity as a function of elastic compliances s i j and piezoelectric constants e i j ; however, in this representation the contributions of all constants are comparable.
The goal is to determine under what conditions a correlation exists between the measured piezoresponse and d 33 of the material. Most early treatments of piezoresponse image contrast explicitly assumed that the response is proportional or equal to d 33 . To test this assertion, the calculated piezoresponse coefficient is compared to the piezoelectric constant for a series of ferroelectric materials. An almost linear correlation exists between the response in the strong-indentation limit and d 33 , PRϳ1.5d 33 ͓Fig. 6͑a͔͒. In contrast, no such correlation is observed between L and d 33 for the weakindentation limit ͓Fig. 6͑b͔͒. The physical origin of this behavior is that L defines the response of the surface to charge and therefore depends on ratios of the type d i j / i j . According to the Ginzburg-Devonshire theory, these ratios are proportional to the corresponding second-order electrostriction coefficients, d i j / i j ϳQ i j P. Therefore, the effects of the electromechanical coupling coefficient and dielectric constants counteract each other. On the other hand, the effective piezoelectric constant in the weak-indentation limit, d eff , exhibits a good correlation with d 33 , d eff ϳ0.5d 33 ͓Fig. 6͑c͔͒. The effective piezoelectric response constants in the weakand strong-indentation limits exhibit an almost perfect linear dependence, d eff ϭ0.33k 0 ͓Fig. 6͑d͔͒. Despite this similarity, the strong-indentation limit describes the surface deflection induced by a known potential in the contact area, while the weak-indentation limit yields the surface deflection due to a known tip-induced charge distribution on the surface.
V. EFFECT OF THE IMAGING CONDITIONS
In the PFM measurement the contrast mechanism will depend on details of the experimental conditions. Depending on the tip radius and indentation force, both linear and nonlinear electrostatic interactions and strong-and weakindentation regimes can occur. In order to relate PFM imaging mechanisms to experimental conditions, contrast mechanism maps were constructed as shown in Fig. 7 . To delineate the regions with dominant interactions, surface deformation in the electrostatic case was estimated using the distance dependence of the tip-surface capacitance as F 1 ϭ2.7ϫ10 Ϫ8 (R/50)(0.1/d)(V tip ϪV s )V ac N, where both R and d are in nanometers. The surface deformation h 1 el was calculated from Eq. ͑11͒. The boundaries of the nonlocal regions are established by a comparison of tip apex-surface capacitance and cantilever-surface capacitance. 62 Surface deformation in the electromechanical regime was calculated including the ''apparent dielectric gap'' effect as h 1 em ϭd eff /(1 ϩw eff /a d ), where the contact radius a is given by the Hertzian model and eff / d ϭ30. The boundary between the strong-and weak-indentation regimes is given by an attenuation factor of 0.3. The boundary between the electromechanical and electrostatic regions is given by the condition h 1 em ϭh 1 el . For small indentation forces a nonlinear dynamic behavior of the cantilever is expected and the corresponding condition is F el ϭF 0 . For very large indentation forces, the load in the contact area can be sufficient to induce plastic deformation of the surface or tip. The onset of this behavior is expected when F 0 /a 2 ϭE*. High pressures in the contact area can significantly affect the ferroelectric properties of the material and induce local polarization switching, etc., [63] [64] [65] at a strain P/d 33 ϳ3ϫ10 9 N/m 2 for a typical ferroelectric material. The effect of the tip-surface potential difference and driving amplitude on imaging can be analyzed using formalism presented in Secs. III and IV.
The contrast mechanism map in Fig. 7͑b͒ corresponds to imaging under good tip-surface contact (wϭ0.1 nm) and zero tip-surface potential difference. The crossover from contact-limited strong indentation to the strong-indentation limit depends on the choice of the attenuation factor. Pure weak-indentation behavior is observable only for large tip radii and small indentation forces. Typically, the ferroelectric domains are associated with surface potential variations and the tip potential is not equal to the surface potential. The contrast mechanism map in Fig. 7͑b͒ corresponds to imaging under good tip-surface contact (wϭ0.1 nm) and moderate tip-surface potential difference (V tip ϪV loc ϭ1 V). Less perfect contact that results from oxidized tips or poorly conductive coating, as well as the presence of contaminants, will expand the weak-indentation and linear electrostatic regions, primarily at the expense of the strong-indentation region ͓compare Figs. 7͑b͒ and 7͑c͔͒. Increasing the tip-surface potential difference increases the electrostatic contribution ͓Fig. 7͑d͔͒. Consequently, the nonlinear electrostatic region expands and can even eliminate the linear electrostatic region. However, above a certain tip-surface potential difference or driving voltage the linear approximation, Eq. ͑11͒, is no longer valid and Eq. ͑10͒ must be used. The effect of high driving voltages and tip-surface potential difference is an increase of the indentation force FϭF 0 ϩC loc Ј (V tip ϪV loc ) 2 , expanding the electromechanical region. If ''true'' PFM is the ability to quantify the piezoelectric coefficient directly from the measurements, it can be achieved only in the strongindentation region. As shown in Fig. 6 , k 0 correlates linearly with d 33 in the strong-indentation regime. In the weakindentation regime and contact-limited strong-indentation regime, the properties of the surface can still be obtained indirectly as discussed in Sec. IV B. Finally, in the electrostatic regime the PFM image is dominated by long-range electrostatic interactions and piezoelectric properties of the material are inaccessible. In certain cases the surface charge distribution is directly correlated with ferroelectric domain structure; therefore, qualitative information on domain topology can still be obtained. These results allow multiple controversies in the interpretation of PFM contrast to be reconciled by elucidating experimental conditions under which electrostatic versus electromechanical mechanisms dominate. Acquisition of quantitative information requires blunt tips and intermediate indentation forces to avoid pressure-induced polarization switching: i.e., operation regimes to the right of the dotted line in Fig. 7 . The use of a top metallic electrode as proposed by Christman et al. 66 is the limiting case of this consideration.
The contrast mechanism maps in Fig. 7 are quantitative for a spherical tip; however, gradual tip wear during the imaging is inevitable and can be easily detected using appropriate calibration standards. The influence of tip flattening on PFM contrast mechanisms is shown in Figs. 8͑a͒ and 8͑b͒ . The response was calculated as a function of contact radius for fixed electrostatic force corresponding to Rϭ100 nm. In contrast to the spherical case, the contact stiffness for a flat indentor does not depend on the indentation force; hence, the crossover from the electrostatic to electromechanical regime occurs at some critical contact radius. Since the sphere-plane model is less accurate for this case, the degree of approximation associated with it results in the more qualitative nature of the contrast map. It should be noted, however, that the electrostatic force can be measured directly 67 and used for the construction of the map for an individual tip.
The application of these analytical solutions to the temperature dependence of the piezoresponse of BaTiO 3 is illustrated in Fig. 9 . In the strong-indentation regime, the response is proportional to d 33 and is expected to diverge with temperature near T c . The experimental observations do not support this conjecture. The temperature dependence of PFM contrast is calculated according to Karapetian et al. 57 for the weak-indentation limit. The temperature dependence of the electroelastic constants for BaTiO 3 was calculated by Ginzburg-Devonshire theory 68, 69 and the temperature dependence for L(T) is compared to experimental measurements in Fig. 9 . The temperature dependence of the piezoresponse FIG. 8 . Contrast mechanism maps of piezoresponse force microscopy as a function of contact radius and indentation force. SI corresponds to the strong-indentation regime, CSI the contactlimited strong indentation regime, WI the weak-indentation regime, LE the linear electrostatic regime, NE the nonlinear electrostatic regime, and PD the plastic deformation. The dotted line delineates the region where stress-induced switching is possible. The maps are constructed for good tip-surface contact (wϭ0.1 nm) and bad contact (wϭ1 nm).
FIG. 9.
Temperature dependence of elastic constants ͑a͒, piezoelectric constants ͑b͒, and dielectric constants ͑c͒ for BaTiO 3 calculated from Ginzburg-Devonshire theory and temperature dependence of the piezoresponse coefficient in the WI and CSI limits ͑d͒. Note that L depends on the ten electroelastic constants of the material. Unlike d 33 , the response in the weak-indentation and contact-limited strong-indentation regimes does not diverge at the Curie temperature, thus suggesting that PFM contrast on BaTiO 3 surfaces is strongly influenced by the dielectric gap effect.
in the contact-limited strong indentation limit is also shown. 19 In contrast to the strong-indentation limit no divergence occurs in the temperature dependence of the weakindentation and contact-limited strong-indentation limits, consistent with experimental behavior. The physical origin of this behavior is that not only the piezoelectric constant, but also the dielectric constant increases with temperature. Similar behavior has been observed by other authors. 36 Thus the temperature dependence of experimental PFM contrast suggests that under experimental conditions ͑F 0 Ϸ200 nN, nominal tip radius RϷ30 nm, tip is not blunted͒ the imaging mechanism of PFM is governed by the dielectric gap effect. Furthermore, from Fig. 7 the width of the ''apparent gap'' in these measurements can be estimated as Ͼ1 nm. This conclusion is verified by small experimental piezoresponse coefficients ͑ϳ4 pm/V͒ ͑Refs. 70-72͒ as compared to the calculated value for BaTiO 3 ͑ϳ50-100 pm/V͒.
Electrostatic tip-surface interactions can be significantly affected by local surface charging. [73] [74] [75] [76] [77] Clearly, elucidating the charge effects in the PFM requires a reliable way to probe the local piezoresponse and long-range electrostatic forces simultaneously. This is especially important for investigations of dynamic phenomena in which large time intervals between sequential PFM-SSPM images are unacceptable. Under equilibrium conditions, simultaneous acquisition of piezoresponse and potential images can facilitate the correlation between topographic, potential, and piezoresponse features and analysis of surface properties. We have shown that simultaneous PFM and SSPM imaging can be implemented using the usual interleave mode so that the topography and piezoresponse are acquired in contact and the potential is collected on the interleave line. 78 Figure 10 illustrates several examples of simultaneous piezoresponse and potential imaging on BaTiO 3 and PZT. An open loop version of SSPM is used. For BaTiO 3 both SSPM and PFM features are related to the surface domain structure and therefore are closely correlated. For PZT the information provided by the two is complementary. However, after polarization switching the regions with deposited charge and reversed polarization are distinguished. This illustrates the approach to independently obtain information that allows capacitive versus electromechanical interactions to be quantified.
VI. SUMMARY
Analytical models for electrostatic and electromechanical contrast in PFM have been developed. Image charge calculations are used to determine potential and field distributions in the tip-surface junction between a spherical tip and an anisotropic dielectric half plane. For high-dielectric-constant materials the surface potential directly below the tip is significantly smaller than the tip potential, implying the presence of an effective dielectric gap. The effect of the unscreened polarization charge during PFM is estimated and is shown to be negligible under ambient conditions for BaTiO 3 . Within the electromechanical regime, strong ͑clas-sical͒ and weak ͑field-induced͒ indentation limits were distinguished. The contribution of different electroelastic constants of the material to the response amplitude was investigated and an almost linear correlation between the piezoresponse and d 33 was illustrated for a series of PZT materials in the strong-indentation regime. These solutions are represented by contrast mechanism maps that elucidate the effect of experimental conditions on PFM. An approach for simultaneous acquisition of the piezoresponse and surface potential image was developed. These data were shown to be complementary for the general case. Finally, based on these solutions the temperature dependence of the piezoresponse on a BaTiO 3 surface was interpreted in terms of a weakindentation and dielectric-gap model. These solutions can be extended to domains of random orientation and to the analysis of stress effects in thin films by using renormalized effective electromechanical constants. Expressions for the potential and field in the tip-surface junction and in the ferroelectric provide the framework for analyzing polarization switching phenomena and the quantification of local hysteresis loops. 
